To evaluate the possible role of posttranscriptional mechanisms in the acute phase response, we determined the kinetics of transcription (by nuclear run-on assay) and mRNA accumulation of five human acute phase genes in Hep 3B cells incubated with conditioned medium from LPS-stimulated monocytes. Increase in mRNA accumulation was comparable to increase in transcription rate for fibrinogen-a and a-i protease inhibitor, suggesting largely transcriptional regulation. In contrast, mRNA accumulation was about 10-20-fold greater than transcriptional increase for serum amyloid A, C3, and factor B, suggesting participation of posttranscriptional mechanisms. Since finding a disparity between the magnitudes of increase in mRNA and transcription does not definitively establish involvement of posttranscriptional mechanisms, we subjected our data to modeling studies and dynamic mathematical analysis to evaluate this possibility more rigorously. In modeling studies, accumulation curves resembling those observed for these three mRNAs could be generated from the nuclear run-on results only if posttranscriptional regulation was assumed. Dynamic mathematical analysis of relative transcription rates and relative mRNA abundance also strongly supported participation of posttranscriptional mechanisms. These observations suggest that posttranscriptional regulation plays a substantial role in induction of some, but not all acute phase proteins. (J. Clin. Invest. 1995Invest. . 95:1253Invest. -1261
Introduction
The acute phase response is characterized by a complex set of changes in the concentrations of many plasma proteins, reflecting reorchestration of the pattern of plasma protein gene expression by hepatocytes. A number of inflammation-associated cytokines and hormones have been found to be capable of participating in induction of these changes (1) (2) (3) (4) (5) . Although transcriptional regulation has been shown to play a major role in induction of all positive acute phase genes studied thus far, both in vivo and in vitro studies have demonstrated that changes in specific mRNA abundance are not always accompanied by comparable increases in the magnitude of transcription (6) (7) (8) (9) (10) (11) (12) (13) , suggesting a role for posttranscriptional mechanisms.
The finding of an increase in mRNA levels without a change in transcription is generally accepted as evidence of posttranscriptional control, but the interpretation is more difficult when some increase in transcription is induced but a substantially greater increase in mRNA levels is found. Although this finding is frequently taken to indicate participation of posttranscriptional mechanisms, such conclusions may not always be justified for several reasons. First, when initially low and hence somewhat uncertain transcription rates and mRNA levels are used to calculate the magnitude of increase, substantial errors can result. Second, estimation of transcription rates by nuclear run-on analysis does not yield precise results; a severalfold range of error is not unexpected, rendering interpretation of differences between increases in mRNA and transcription difficult. Third, measurement of increase in transcription and mRNA levels at the same time point may not provide an accurate picture of relative changes in these two parameters, since about five half-lives elapse after the change in transcription rate before a new steady state is reached ( 14) . Only in the case of an mRNA that is rapidly degraded would both transcription rates and mRNA levels be expected to reach their peaks at about the same time. Finally, true steady-state equilibria may not occur during an experiment, since transcription rates, mRNA degradation, and mRNA levels may all be changing continuously over the course of the study.
To evaluate critically the role of cytokine-induced posttranscriptional mechanisms in regulation of human acute phase changes, we determined the effect of continuous exposure to conditioned medium (CM)' from LPS-stimulated human monocytes on the kinetics of transcription and mRNA accumulation of serum amyloid A (SAA), complement factors B (fB) and C3, fibrinogen-a (a-fib), and a-I protease inhibitor (a-PI)
in Hep 3B cells. To ensure that maximal changes in transcription and mRNA abundance were determined, we performed studies over a period long enough to include peak levels of both transcription and mRNA. To minimize the possible confounding effect of errors resulting from low baseline values of transcription and mRNA, we subjected our data to rigorous mathematical analysis in which neither initial transcription rates nor initial mRNA levels were used in the calculations. Both this approach and kinetic modeling, which also applied quantitative approaches (15) to analysis of our data, were found to support substantial involvement of posttranscriptional mechanisms in induction of SAA, fB, and C3.
Methods
CM was prepared from LPS-stimulated human monocytes as previously described (16) . Hep 3B cells in RPMI 1640 medium were incubated with 20% CM by our standard methods with a change of medium, including fresh CM, after each 24-h period. Specific mRNA levels were determined by Northern blot analysis, and relative transcription rates were determined by nuclear run-on assays from monolayers derived from the same cells.
For the nuclear run-on assays (17, 18) , nuclei from cells in four 100-mm dishes were prepared by lysing washed cells in 10 mM Tris, pH 7.4, 10 mM NaCl, 3 mM MgCl2, 0.5% NP-40 and centrifuging. The resulting nuclei were suspended in 50 mM Tris, pH 8.3, 40% glycerol, 5 mM MnCl2, 0.1 mM EDTA and then frozen in aliquots at -70°C. (27) .
In initial experiments, we noted a significant signal in baseline nuclear run-on assays of fB, when fB mRNA was undetectable, that did not increase 6 h after exposure to cytokines. These findings raised the possibility that the apparent signal found on nuclear run-on assay might be an artifact due to transcription originating outside the gene. To investigate further the nature of the baseline signal in the fB nuclear run-on assay, we used a plasmid representing a nonrepetitive genomic fragment derived from the 5' flanking region of the fB gene. We also controlled for possible symmetric transcription during the run-on assay by using a single-stranded DNA probe generated by subcloning our existing cDNA into an Ml 3 vector in an orientation such that the RNA complementary strand was produced. An experiment using unstimulated Hep 3B cells revealed no detectable transcription with either the promoter probes or the single-stranded probe. This finding indicated that the elevated fB nuclear run-on signal observed with our double-stranded cDNA probe was an artifact due to symmetric transcription extending into the fB gene. We concluded that the single-stranded probe provided the truest measure of fB transcription in our assay system. Accordingly, for later experiments the fB subclone was inserted into M13MP18, and a single-stranded DNA was prepared with a sequence complementary to fB mRNA. Using this subclone as the fB probe, an appropriately low baseline transcription rate was found that rose sharply during incu- bation with CM ( Fig. 1 ). There was no reason to suspect comparable artifacts for any of the other probes used. Levels of specific RNA were determined by Northern blot analysis of total RNA. RNA samples ( 15-25 jg) were heat denatured for 5 min at 65°C in 2 M formaldehyde and fractionated on 0.9% agarose gels containing 1 M formaldehyde. RNA was transferred to a membrane (GeneScreen, Du Pont, Wilmington, DE) filter that was baked at 80°C for 2 h. Each cDNA probe described was labeled by random priming in the presence of [32P]dCTP and hybridized (106 cpm); the filter was washed with 2x SSC, 0.1% SDS at 25°C for 15 min and with 0.2x SSC, 0.1% SDS at 65°C for 1 h. Hybridized counts were stripped from the filter by heating in H20 for 15 min at 85°C before hybridization with the next labeled probe. The amounts of RNA in each lane were normalized to the final hybridization of the filters with a GAPDH probe. Quantitation by densitometry on Phosphorlmager was performed as previously described. As a control for cell viability during the 120-h culture period, RNA was isolated from Hep 3B cells maintained in serum-free RPMI1640 medium in parallel with CM-treated cells and analyzed by Northern blots for levels of a-PI, albumin, and GAPDH mRNA. These levels were found to be unchanged relative to 18S rRNA during the culture period, indicating that the cells remain viable during this extended period of time without serum.
For secreted protein assays, medium from each sample collection or medium change was saved and used to measure the accumulated amount of each protein at 24-h intervals. Rocket immunoelectrophoresis was used to measure fB, C3, and a-PI accumulated in medium. SAA levels were determined using a specific ELISA (28) .
Results
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Modeling and mathematical analysis of data. To test our tentative conclusion that these data suggested substantial involvement of posttranscriptional mechanisms in induction of SAA, fB, and C3, we used first a curve-fitting, modeling approach and then a rigorous mathematical analysis of the data. assigned initial half-life as follows: for each time interval, the size of the mRNA pool is the sum of the number of units at the beginning of the interval, plus the input to the pool, less the exit from the pool as determined by the assigned half-life. The size of the initial mRNA pool (in arbitrary units) is then used as the denominator to predict relative fold increases in the predicted pool values. The same procedure is then applied to intervals after stimulus, in which relative transcription rates are varied, as determined from the nuclear run-on data, in order to (Fig. 5 A) . Short half-lives were found to generate the necessary level of mRNA accumulation, but plateaus were achieved too early compared with the observed data. Assigning longer half-lives generated curves that reached plateau levels at times consistent with those observed, but at mRNA levels that were much lower than those observed experimentally. In contrast, for each of these genes, a relatively narrow range of initial half-lives was found to approximate more closely the observed levels of mRNA accumulation, if the initial half-lives were allowed to increase after stimulus (Fig. 5 B) for SAA was observed with an assigned initial half-life of 5-6 h and a 5-7-fold increase after stimulus; the best fit for fB was observed with an assumed initial half-life of 7-8 h and a 4-6-fold increase after stimulus. In contrast, the model indicated that the observed accumulation of a-fib could be accounted for on the basis of an initial half-life of 12 h, with no change after stimulus (Fig. 5 C) . In addition to modeling, the observed data were subjected to dynamic mathematical analysis to estimate changes in fractional degradation of mRNA over the course of the experiments. As with the modeling approach, mRNA degradation was used as a surrogate for all posttranscriptional effects. Since only relative, rather than absolute, values of mRNA abundance and transcription rates can be obtained from the experiments, all values are referred to reference values (described in the following discussion). The notation is as follows: p is the transcription rate at any time; Pr is the reference transcription rate; x is the abundance of any species of mRNA at any time; xr is the reference abundance; and r is the degradation rate at any time.
The amount existing at any time (the abundance) minus the initial amount is equal to the amount produced minus the amount degraded. Symbolically, this can be written as rt %. If desired, the degradation half-life at any time can be determined from R and C as follows: tl/2 = [tr ln (2) ](CIR). (5) Note that tl12 is not a constant. One can arbitrarily assign abundance ratios within allowable limits, to determine relative changes in fractional degradation rates with time. The allowable abundance ratios range from the largest value consistent with the requirement that the degradation at any time cannot be < 0 to values approaching 0, reflecting high degrees of degradation. It is likely that the complexity of the RNA being transcribed and measured by nuclear run-on assay is far greater than that of the mature RNA species measured by Northern blots. Given the known rapid turnover rates of the highly complex nuclear pre-mRNA, it is likely that the lower values of C more closely reflect the biological state. This is particularly true when one appreciates that the denominator of C represents total transcription over the course of the experiment, independent of degradation; it must be a relatively large quantity, and C, of necessity, must be small.
As shown in Fig. 6 , at all assumed values of C, ranging from 0.25 to 0.001, fractional degradation rates of SAA demonstrated the same behavior: a rapid fall after the first 6-h period, with persistently low values thereafter. This observation, that fractional degradation rates fall (and half-lives increase) with cytokine exposure, confirms the conclusion that posttranscriptional mechanisms participate in SAA mRNA induction by CM. For fB and C3, similar curves were seen with assigned C values of 0. and lower, but not at values of 0.25 and 0. 15, respectively (Fig. 6 ). These observations are consistent with, but do not establish the conclusion that posttranscriptional mechanisms participate in induction of fB and C3. This conclusion is, however, more nuclear pre-mRNA. In contrast, for a-PI and a-fib, relatively minor changes in fractional degradation rates were found at all assigned values of C, and substantial decreases in fractional degradation rates were not seen. These observations suggest that posttranscriptional mechanisms do not play major roles in induction of these mRNAs. It should be reemphasized that regulation of either transcript processing or transport of mRNA from the nucleus to the cytoplasm could be consistent with these data as well, since an initial assumption that mRNA degradation was the only effective posttranscriptional mechanism was made for these analyses.
Discussion
These kinetic studies were undertaken to help determine whether changes in acute phase mRNA levels induced by CM in Hep 3B cells could be fully explained by effects of transcription alone, or whether posttranscriptional mechanisms need to be invoked to explain the changes observed. CM caused increased transcription of each of the positive acute phase genes we studied, indicating that the changes in mRNA were at least partially attributable to transcriptional regulation. However, the observation that the magnitudes of increase in mRNA for SAA, fB, and C3 were substantially greater than the magnitudes of increase in transcription suggested that posttranscriptional mechanisms contributed to the changes in expression induced in these genes by CM. To evaluate this possibility rigorously, we undertook two mathematically based, quantitative approaches to test the validity of this conclusion.
Our curve-fitting, modeling approach supported the conclusion that posttranscriptional mechanisms must be invoked to explain the observed effects on mRNA of SAA, fB, and C3, since no constant half-life values were capable of predicting the observed mRNA accumulation curves. In addition, making the working assumption that these posttranscriptional mechanisms influenced mRNA degradation rather than affected nuclear processing of primary transcripts or export of mature mRNA, they permitted crude estimates of the magnitudes of effect on mRNA stability required to account for the observed findings.
A significant concern in the interpretation of these data was the need to use relatively small transcription rates found in unstimulated cells as denominators for determination of the magnitude of increase in transcription. Were these values falsely high, the true magnitude of transcription rate increase would, in fact, be higher than we calculated and closer to the changes seen with mRNA. Similarly, low, imperfectly quantitated initial mRNA levels might lead to false calculation of the magnitude of increase. To avoid the necessity of relying on initial transcription and mRNA values for mathematical analysis, we used abundance ratios (which represented average-rather than initial-mRNA abundance) divided by total transcription over the period of the experiment (which also avoided use of initial transcription rate values). Thus, neither numerator nor denominator was subject to the sources of error that might result from the use of very small baseline values. Using this approach, dynamic mathematical analyses indicated that SAA induction by CM involved substantial participation of posttranscriptional mechanisms and was strongly supportive of such a conclusion for fB and C3. Although intranuclear processing, decay of transcripts, and nucleocytoplasmic export of mRNA might all theoretically serve as posttranscriptional regulatory mechanisms (for review see reference 29), kinetic modeling has suggested that such mechanisms would be relatively inefficient in affecting cytoplasmic mRNA concentrations and that the main points of control must be transcriptional processes and regulation of mRNA degradation (14) . Thus far, in a few limited studies, relatively modest direct effects of cytokines on stability of acute phase mRNAs in cell lines have been reported (30) (31) (32) . Studies of some murine SAA genes (9, 12) have suggested posttranscriptional control, but effects on mRNA stability could not be demonstrated using the transcriptional inhibitor actinomycin D. However, the observations of Steel et al. (33) that the disappearance rate of SAA mRNA during actinomycin D treatment is substantially slower than its disappearance rate after cytokine induction, which we have independently confirmed, indicate that this method cannot be used for estimation of the stability of SAA mRNA.
We used CM as a potent stimulus to induce acute phase changes since such preparations have repeatedly been found to induce the entire spectrum of these changes in Hep 3B cells ( 16, 34, 35 ) . CM preparations consist of a crude and undefined mixture of IL-6 and other inflammation-associated cytokines, cytokine modulators (such as IL-1 receptor antagonist), and endocrine hormones, such as dexamethasone and insulin. The potency of various CM preparations may vary from one experiment to another; greater effects were seen in our 120-h experiment than in our 72-h experiment. Future studies delineating specific mechanisms involved in acute phase induction will require the use of defined cytokines, cytokine modulators, and hormones. In initial studies of this type, we have found that the combination of IL-6 and IL-I/# caused a substantially greater increase in mRNA levels than in transcription for SAA, fB, and C3, but not for a-PI, supporting the findings observed with CM (35a).
Because mRNA levels of SAA, fB, and C3 were undetectable in unstimulated cells, it was necessary to estimate maximal baseline mRNA levels from estimates of the sensitivity of the method. The approach we used, determining the lower limit of detectability of each mRNA by serial dilutions of 6-h samples, yielded the maximal possible value of baseline mRNA levels. It is likely that actual mRNA levels were lower than these values, that the magnitudes of increase we calculated were minimal estimates, and that we thus underestimated the actual magnitude of mRNA increase that occurred. To the extent that this is the case, it would further strengthen the argument for participation of substantial posttranscriptional mechanisms in induction of these three genes.
In summary, these studies suggest that posttranscriptional mechanisms participate in induction of several acute phase genes by CM. The increasing number of eukaryotic genes found to be regulated at the level of mRNA stability and the multiplicity of mechanisms by which this regulation may be accomplished (36, 37) 
Eq. A12 corresponds to Eq. 4 of the main text. Relationship of degradation with half-life. The half-life at any time is obtained by considering a constant fractional rate of degradation and no production. Then the rate at which the abundance increases is the negative of the degradation rate. This can be written The half-life is the time such that xixl = I/2. Then Kt = ln(2). With K = rix given by Eq. Al1, the half-life is given by tl,2 = t, ln(2)/R, (A15) where R is the nondimensional fractional degradation rate given in Eq.
A12.
